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Summary 
Electrostatic zipper actuators consume less power and may have the potential to drive microrobots. The 
dynamics of these actuators in viscous media is not fully understood. Through first-principles models, we 
describe the actuator response over a broad range, three orders of magnitude of viscosity and two orders of 
magnitude of relative permittivity of the media. We report two main observations: (1) the actuator response 
near the vicinity of the pull-in instability region is sensitive to forces such as electrostatic and viscous damping; 
and (2) the high relative permittivity of a media amplifies the generated force, resulting in pull-in to occur at 
lower actuation voltages, and the high dynamic viscosity of a media increases the pull-in time. 
Motivation and results 
There is a need for an efficient actuator that consumes less power to drive microrobots [1]. The electrostatic 
zipper actuators received less attention whose dynamics in viscous media is not fully understood and have the 
potential to efficiently drive microrobots [2]. As a first step, this work only investigates the dynamics of a 
zipper actuator in viscous media in nonzipped operations – where the actuator electrodes do not come in 
contact with one another – at low operating frequencies (<10 Hz) through first-principles models (Fig. 1). 
 
The actuator comprises of two components: a complaint beam electrode to deliver generated force and 
displacement strokes, and a set of curved electrodes to pull the beam electrode in the forward direction w. The 
beam electrode is a clamped-clamped member and is reinforced with a beam of stiffness k, while the driver 
electrode is an immovable rigid member with shape profile s(x) (Fig. 1). The actuator governing equation can 
be written as:  
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where m and c model effective inertia and damping forces on the actuator, respectively. See Table 1 for the 
nomenclature and the numerical values of the actuator parameters. The model is simplified using Galerkin and 
mode superposition methods, solved using MATLAB solver ode15s for a set of initial conditions, and 
validated with experiment data from the literature (Fig. 2) [3]. The actuator is characterized in terms of actuator 
displacement, pull-in time, and pull-in voltage.   
 
To study the effect of media properties on the actuator behavior, we analyzed the actuator response over a 
broad range, three orders of magnitude of viscosity and two orders of magnitude of relative permittivity of the 
media. For this, in the model, the actuator was subjected to a step input voltage V and corresponding 
displacement-time trace plots are generated. Two observations are reported. One, the actuator response near 
the vicinity of the pull-in instability region is sensitive to forces such as electrostatic and viscous damping (Fig. 
3). Two, the high relative permittivity of a media amplifies the generated force, resulting in pull-in to occur at 
lower actuation voltage amplitudes, and the high dynamic viscosity of a media increases the pull-in time (Figs. 
3, 4).  This work will help study the actuator response in zipped operations and optimize the actuator 
performance for microrobots that is not currently attainable. 
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Table 1: Zipper actuator parameters 
Parameter (unit) Numerical 
value 
Beam electrode half-length L (µm) 1000 
Beam electrode height b (µm) 45 
Beam cross sectional area A (m2) 211.5×10-12 
Beam area moment of inertia I (m4) 389×10-24 
Reinforcing beam stiffness k (N/m) 2.2 
Beam electrode throw δm (µm) 10 
Electrode gap, d (µm) 3.5 
Beam Young’s modulus E (GPa) 130 
Permittivity of vacuum ϵo (F/m) 8.85×10-12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Zipper actuator. (a) Stereomicroscope 
image of the actuator with parameters shown 
in the inset. (b) Actuation voltage waveform V 
and the corresponding displacement-time 
trace. 
Fig. 2: Model validation. Actuator 
displacement w for different step actuation 
voltages V. 
Fig. 3: Effect of media properties on the 
actuator response for a step input voltage of 
4.9 V. (a) Different viscous damping and fixed 
relative permittivity ϵf=80. (b) Different 
relative permittivity and fixed viscous 
damping coefficient (nondimensional) c=200.  
Fig. 4: Actuator behavior. (a) Displacement-
time trace of the actuator in three different 
viscous media, namely, water, methanol, and 
air at corresponding pull-in voltages. (b) 
Actuator beam deflection profile at different 
instances of time in water media for 4.9 V 
actuation voltage.  
